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The interferon (IFN)-induced enzyme RNase L produced by a recombinant vaccinia virus (VV) causes death of mammalian
cells with morphological and biochemical characteristics of apoptosis. Coexpression of 2-5A-synthetase enhances apoptosis
induced by RNase L. Activation of endogenous RNase L by infection with a VV ts mutant (ts22) or with wild-type virus in
the presence of the antipoxvirus drug isatin-b-thiosemicarbazone, a treatment known to significantly increase the amount
of double-stranded RNA late during infection, also causes pronounced apoptosis of infected cells. The effects observed
with recombinant virus-derived RNase L or with the endogenous enzyme are specific, since apoptosis also occurs in cells
derived from mice lacking the IFN-induced protein kinase (PKR). The apoptosis antagonist Bcl-2 prevents induction of cell
death by RNase L activation. Apoptosis of mammalian cells by RNase L activation could be a mechanism mediating
anticellular actions of IFN. q 1997 Academic Press
INTRODUCTION apoptosis in HeLa cells (Lee and Esteban, 1994). This
gene encodes a double-stranded (ds)-RNA-binding pro-
Higher vertebrates have evolved an impressive array
tein that is an inhibitor of the 68-kDa protein kinase (PKR)
of defense mechanisms to control viral infection includ-
(Chang et al., 1992) and probably also 2-5A-synthetase
ing elimination of infected cells by apoptosis, an active
(Beattie et al., 1995), both enzymes induced by interferon
process of cellular self-destruction also essential for de-
(IFN) treatment of the cells. These results pointed to
velopment and tissue homeostasis (reviewed in Vaux
apoptosis as a possible mechanism used by IFN-induced
and Strasser, 1996). Effectiveness of apoptotic cell death
enzymes to exert some of its biological functions in the
as an antiviral strategy is supported by the existence of
cell, a correlation also found in uninfected cells treated
viral genes encoding proteins modulating this process
with IFN (Liu and Janeway, 1990; Grawunder et al., 1993;
that are important in viral cytopathogenecity, replication,
Deiss et al., 1995).
spread, or persistence (reviewed in Shen and Shenk,
IFN regulates central processes to the animal cell
1995). The study of those proteins is helping the under-
such as inhibition of virus multiplication (Joklik, 1990;
standing of both viral replication and cellular pathways
Samuel, 1991), control of cell proliferation and differentia-
involved in apoptosis. Different proteins have been impli-
tion, and modulation of the immune response (reviewed
cated in the regulation of apoptosis by poxviruses. Cow-
in Petska et al., 1987) throughout the induction of more
pox virus (CPV) crm A gene encodes a polypeptide that
than 30 different proteins. Except for the antiviral activi-
is a specific inhibitor of the interleukin-1b converting
ties characterized for a few of them, the physiologicalenzyme (ICE) (Ray et al., 1992). Expression of crm A inhib-
function of the IFN-induced proteins remains obscure.its apoptosis induced by different stimulus (reviewed in
One of the best characterized is the PKR (reviewed inWhite, 1996), demonstrating the importance of cysteine
Proud, 1995), an enzyme that is autophosphorylated inproteases of the ICE family in this process. Likewise,
the presence of dsRNA and ATP resulting in inhibitionhomologous genes SPI-2 (B13R) from vaccinia virus (VV)
of protein synthesis by phosphorylation of the a subunit(Dobbelstein and Shenk, 1996) and SPI-1 from rabbitpox
of the eukaryotic initiation factor eIF-2. Several studies(Brooks et al., 1995) have been shown to have protective
have directly demonstrated its antiviral function and itseffect. Host range gene CHOhr from CPV confers on V V
ability to suppress growth in yeast. In addition, PKR hasthe ability to replicate in Chinese hamster ovary (CHO)
been suggested to have tumor suppressor activities, be-cells and delays or prevents VV-induced apoptosis (Ink
cause expression of catalytically inactive mutants canet al., 1995). Finally, mutant VV lacking E3L gene induces
cause malignant transformation in nude mice (reviewed
in Proud, 1995), and this fact has been correlated with
1 Current address: Departamento de Bioquı´mica (UAM)-Instituto de induction of apoptosis in cells infected with VV recombi-
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(Staeheli, 1990; Sen and Lengyel, 1992) that, together mented with 10% newborn calf serum. Mouse fibroblasts
with 2-5A-phosphodiesterase, constitute the 2-5A path- derived from homozygous PKR knockout mice or wild-
way or 2-5A system, an IFN-regulated RNA degradative type animals (Schwartzman and Cidlowski, 1993) were
pathway (Kerr and Brown, 1978). Although basal levels obtained from C. Weissmann and grown using the same
of these proteins are found in most, if not all mammalian media. The neuroblastoma cell line N2A and its deriva-
cells, treatment with IFN induces at least four different tive expressing human Bcl-2 protein (Stark et al., 1979)
forms of 2-5A-synthetase and a unique RNase L (re- were obtained from J. Renart and grown in DMEM sup-
viewed in Sen and Lengyel, 1992). The 2-5A-synthetases plemented with 10% fetal calf serum. Cells were culti-
are also dsRNA-dependent enzymes that, in the pres- vated at 377 with 5% CO2 . The recombinant vaccinia vi-
ence of ATP, synthesize a complex mixture (referred to ruses VV-RL, VV-DN, and VV-2-5AS were obtained after
as 2-5A) of 5*-triphosphorylated oligoadenylic acid, introduction of plasmids pTM-RL, pTM-DN, and pSC-2-
ppp(A2*p5)nA, that binds to and activates endoribo- 5AS, respectively, into the tk region of wild-type vaccinia
nuclease RNase L (Samuel, 1991). Activated 2-5A-depen- virus (WR) DNA by homologous recombination as de-
dent RNase L cleaves viral and cellular RNAs, with the scribed (Dı´az-Guerra et al., 1997). Expression of proteins
result of general inhibition of protein synthesis (Samuel, RNase L and RNase L-DN, produced by viruses VV-RL
1991). Direct evidence for antiviral activity of the 2-5A and VV-DN, respectively, is under the control of a T7
pathway in mammalian cells was shown on picornaviri- promoter. They contain at the N-terminus a stretch of 6
dae (Chebath et al., 1987; Rysiecki et al., 1989; Coccia histidine residues and the 11 amino acid gene 10 leader
et al., 1990) and poxviruses (Dı´az-Guerra et al., 1997). peptide (Dı´az-Guerra et al., 1997). Other TK0 viruses,
Although an equivalent of the 2-5A system has not been vTF7-3 (herein vT7) (Fuerst et al., 1986) and VV-LUC
demonstrated in plants, it has been recently shown that (Rodriguez et al., 1988), were as described. Conditions
expression of human RNase L and 2-5A-synthetase in for ts mutant Cts22 growth and infection were as de-
transgenic tobacco plants provides resistance to several scribed (Pacha and Condit, 1985). Where indicated,
RNA plant viruses (Mitra et al., 1996; Ogawa et al., 1996). isatin-b-thiosemicarbazone (IBT) (15 mM) was added to
As for PKR, several lines of evidence indicate that the the culture after viral adsorption and maintained for the
biological functions of enzymes in the 2-5A pathway go duration of the experiment (Pacha et al., 1990).
beyond their antiviral actions. It has been suggested that
they may have important regulatory functions in RNA sta- Analysis of low-molecular-weight DNA
bility of non infected cells (Stark et al., 1979). There are
also indications for a role in the control of cell growth Low-molecular-weight DNA was isolated from cultured
and differentiation with levels of 2-5A-synthetase and cells as described (Hirt, 1967) and analyzed by agarose
RNase L being elevated in growth-arrested or differenti- gel electrophoresis and staining with ethidium bromide.
ated cells and reduced in rapidly dividing cells (Stark
et al., 1979; Jacobsen et al., 1983; Krause et al., 1985). Measurement of the extent of apoptosis
Functional RNase L is required for the antiproliferative
The Cell Death Detection ELISA kit from Boehringereffects of IFN (Hassel et al., 1993) and the introduction
Mannheim was used according to the manufacturer’sof 2-5A into cells (Hovanessian and Wood, 1980) or ex-
instructions. This assay based on the quantitativepression of 2-5A synthetase cDNA (Rysiecki et al., 1989)
inhibits cell growth. It has been suggested that these sandwich-enzyme-immunoassay-principle using mouse
enzymes have tumor-suppressor activities (Lengyel, monoclonal antibodies directed against DNA and his-
1993). tones, respectively, estimates the amount of cytoplasmic
To learn about the anticellular function of RNase L, in histone-associated DNA.
this investigation we have examined whether activation
of enzymes in the 2-5A pathway could induce the apo- Hoechst staining
ptotic process in the host cell. To this aim, we have
Cells were grown on coverslips and, after infection,used VV recombinants able to express individually those
fixed, permeabilized, stained with fluorescent DNA bind-enzymes and showed that inducible RNase L causes
ing dye Hoechst 33258 (0.5 mg/ml), and photographedapoptosis of mammalian cells. This effect is enhanced
with a fluorescence microscope (Lee and Esteban, 1994).by coexpression of 2-5A-synthetase and does not require
PKR activity. In addition, we also demonstrate that activa-
tion of endogenous RNase L induces apoptosis that can Total RNA isolation
be blocked by Bcl-2 expression.
Total cellular RNA from mock-infected or infected cells
MATERIALS AND METHODS was isolated using Ultraspec-II RNA Resin Purification
Cells and viruses System (Biotecx). For analysis, denatured RNA was frac-
tionated on 1% formaldehyde-agarose gels and stainedAfrican green monkey kidney cell line BSC-40 was
grown in Dulbecco’s modified medium (MEM) supple- using ethidium bromide (Dı´az-Guerra et al., 1997).
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Analysis of protein synthesis respect to activation of RNase L measured by rRNA
cleavage (Fig. 1B), which starts at about 16 hr after infec-
For immunoblot analysis, protein samples were frac- tion coincident with the time when recombinant RNase
tionated by SDS–polyacrylamide gel electrophoresis L is first detected by immunoblot (Fig. 1C; Dı´az-Guerra
(SDS–PAGE) and transferred to nitrocellulose paper in et al., 1997). This delay may represent the time required
a semi-dry blotting apparatus for 45 min at 200 mA and to execute the program of cell death once the signal
analyzed by immunoperoxidase staining after reactivity constituted by RNase L activation is given. Results above
with different sera. Monoclonal anti-T7 tag antibody (No- were confirmed and quantified by an ELISA test which
vagen) recognizing the gene 10 leader peptide in the N detects DNA bound to histones present in cytoplasmic
terminus of fusion proteins was used at a 1:3000 dilution. cell extracts. The results of a time-course experiment are
Rabbit polyclonal sera specific for 2-5A-synthetase was shown in Fig. 1D. Double infection with vT7 / VV-RL
kindly provided by R. Silverman (Cleveland Clinic Foun- clearly induces chromatin fragmentation, as seen by a
dation, OH). 4.7-fold increase in absorbance found 60 hr after infec-
tion compared to vT7-infected cells and the kinetics of
RESULTS cell death induction confirms results in Fig. 1A. Very low
levels of fragmentation (2-fold) could be detected in cellsExpression of inducible RNase L causes apoptosis
infected with vT7 / VV-DN for the same time. Because
recombinant RNase L produced in insects cells has beenTo analyze the role of RNase L on apoptosis, we first
analyzed recombinant vaccinia viruses VV-RL and VV- shown to dimerize upon binding to 2-5A (Dong and Sil-
verman, 1995), we cannot exclude that RNase L-DN ex-DN that express, respectively, fusion proteins containing
nearly full-length human RNase L, lacking 21 amino acids pression might cause minimum activation of endogenous
RNase L. In conclusion, the experiments in Fig. 1 clearlyat the N terminus, or a truncated protein RNase L-DN
lacking sequences coding for amino acids 228 to 741 of demonstrate that RNase L induced by a recombinant VV
causes death of the infected cell by apoptosis.RNase L (Dı´az-Guerra et al., 1997). Synthesis of these
proteins is only obtained by mixed infection with a sec-
ond recombinant virus that contains a T7 polymerase Coexpression of 2-5A synthetase enhances apoptosis
gene under the control of virus constitutive promoter p7.5 induced by RNase L
(vT7-3, herein vT7) (Fuerst et al., 1986). Production of
RNase L but not the truncated enzyme causes a charac- Recombinant VV-2-5AS, containing human 40-kDa 2-
5A-synthetase gene driven by the virus constitutive early-teristic pattern of rRNA degradation at late times of infec-
tion, indicative of enzyme activation, with the conse- late promoter p7.5, has been shown to enhance inhibition
of VV replication when coexpressed with RNase Lquence of inhibition of virus protein synthesis and V V
multiplication (Dı´az-Guerra et al., 1997). In the course of (Dı´az-Guerra et al., 1997). Therefore, we next tested if 2-
5A-synthetase is also able to enhance apoptosis inducedthose experiments we observed that infection of monkey
kidney BSC-40 cells with vT7 / VV-RL resulted in severe by RNase L. To this aim, monkey BSC-40 cells were
infected for 48 hr with different combinations of vT7, VV-changes in cell morphology which were distinct from
normal cytopathic effects derived from vT7 or vT7 / VV- RL, VV-DN, or VV-2-5AS using 2 PFU/cell of each recom-
binant virus. We maintained a total multiplicity of 6 PFU/DN infection (data not shown). Thus, we decided to in-
vestigate if these morphological changes could be due cell at all times by using an auxiliary recombinant virus
VV-LUC (Rodriguez et al., 1988), which as other VV re-to apoptotic cell death. The biochemical aberration more
frequently associated to apoptosis of mammalian cells combinants used in this work is a tk(0) virus. Infected
cells were then analyzed by DNA (Fig. 2A) and RNA (Fig.is internucleosomal DNA fragmentation (Skalka et al.,
1976). Therefore, low molecular weight DNA was isolated 2B) fragmentation as well as for synthesis of 2-5A-synthe-
tase (Fig. 2C). Internucleosomal DNA fragmentation wasfrom mock-infected cells or from cells infected with vT7
or doubly infected with vT7 / VV-RL or vT7 / VV-DN observed in cells infected with vT7 / VV-RL (Fig. 2A,
lane 2) but degradation increased upon addition of VV-for the indicated times (Hirt, 1967). Samples were ana-
lyzed by agarose gel electrophoresis and the results are 2-5AS (compare lanes 2 and 3). Control experiments us-
ing VV-DN instead of VV-RL demonstrated that DNA lad-shown in Fig. 1A. Interestingly, in cells doubly infected
with vT7 / VV-RL, DNA ladder indicative of apoptosis der formation was due to synthesis of RNase L (compare
lanes 2 and 3, respectively, to 4 and 5). Expression of 2-could be observed starting 24 hr after infection (lane 5)
but fragmentation was very severe at 48 hr after infection 5A-synthetase by itself had no effect on DNA stability,
although some rRNA degradation and moderate inhibi-(lane 6). Fragmentation of DNA required the expression
of RNase L and was not observed in cells infected with tion of both protein synthesis and viral growth has been
described at this time of infection (Dı´az-Guerra et al.,vT7 for 48 hr (lane 2) and only to very low extent in vT7
/ VV-DN infections (lanes 7–10). We have found that 1997). Immunoblot analysis of 2-5A-synthetase produc-
tion revealed a protein of 40 kDa in VV-2-5AS and vT7degradation of chromosomal DNA is delayed some hours
AID VY 8719 / 6a41$$$101 09-10-97 07:15:32 vira AP: VY
357INDUCTION OF APOPTOSIS BY RNase L
FIG. 1. Induction of apoptosis by expression of RNase L in BSC-40 cells. Monolayers of BSC-40 cells were either mock-infected (lane 1), single-
infected with vT7 (m.o.i. 4) (lane 2), or double-infected with vT7 / VV-RL (lanes 3–6) or vT7 / VV-DN (lanes 7–10) (m.o.i. 2 each virus). Infections
proceeded for 48 hr (lane 2) or for the indicated times (lanes 3–10). (A) Time-course of internucleosomal DNA fragmentation. Low-molecular weight
DNA (3 1 106 cell equivalents per lane) was electrophoresed in an agarose gel and stained with ethidium bromide. (B) Time-course of RNA
degradation. Total RNA (8 1 105 cell equivalents per lane) was fractionated in 1% agarose-formaldehyde gels and stained with ethidium bromide.
Abundant RNAs, 28 S, and 18 S rRNA are indicated. (C) Expression of the recombinant proteins. Cell extracts (50 mg) were fractionated in SDS–
10% polyacrylamide gels, transferred to nitrocellulose paper, and immunoblotted using monoclonal anti-T7 tag antibody. (D) Extent of apoptosis by
ELISA analysis of cell extracts. Mean values of absorbance determined at 405 nm with standard deviations are given.
/ VV-DN/ VV-2-5AS infections (Fig. 2C, lanes 1 and 5, were mock-infected, infected with vT7, or doubly infected
with vT7 / VV-RL or vT7 / VV-DN for 24 hr (Fig. 3). Therespectively). The apparent absence of this protein in
extracts of cells infected with vT7 / VV-RL/ VV-2-5AS effect of RNase L expression in apoptosis was analyzed
by staining of nuclei with the fluorescent DNA binding(Fig. 2C, lane 3) is probably a consequence of an inhibi-
tion of protein synthesis by RNase L. These results sug- dye Hoechst 33258 (Fig. 3A) and quantified determining
the extent of internucleosomal DNA fragmentation usinggest that although 2-5A-synthetase does not trigger
apoptosis by itself, however, it enhances apoptosis in- an ELISA test (Fig. 3B). As shown in Fig. 3A, cells infected
with vT7 / VV-RL present altered and highly condensedduced by RNase L expression.
nuclei, an effect that was independent of PKR expression
(lower panels). This is one of the morphological changesInduction of apoptosis by RNase L is not due to
characteristic of cells undergoing apoptosis (Wyllie et al.,activation of endogenous PKR
1980) and is clearly distinct of the cytopathic effect due
In order to establish that induction of apoptosis by VV- to VV infection, observed in cells infected with vT7 (data
RL is not due to activation of endogenous PKR, an IFN- not shown) or vT7 / VV-DN (middle panels), compared
induced enzyme which like RNase L is also activated by to uninfected cells (upper panels). As quantified by
dsRNA (Petska et al., 1987) and triggers apoptosis (Lee ELISA, there is, respectively, a 1.9-fold and 2.9-fold in-
and Esteban, 1994), we have tested the effect of recombi- crease in absorbance in Pkr/// and Pkr0/0 cells infected
nant RNase L in a different cell line lacking PKR. Mouse with VV-RL (Fig. 3B) compared to vT7-infected cells, val-
fibroblasts derived from homozygous PKR knockout mice ues relatively modest considering the high percentage
of cells that present chromatin condensation in Fig. 3A.(Pkr0/0) or wild-type animals (Pkr///) (Yang et al., 1995)
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synthesis, breakdown of rRNA, and increase in intracellu-
lar concentration of 2-5A late during infection at the non-
permissive temperature (Pacha and Condit, 1985; Cohrs
et al., 1989). Similarly, treatment of wild-type virus infec-
tions with the antipoxviral drug isatin-b-thiosemicarba-
zone (IBT) results in a phenotype which is indistinguish-
able from A18R mutant infections (Pacha and Condit,
1985; Bayliss and Condit, 1993). It has been shown that
mutation of A18R or IBT treatment causes a significant
increase in the amount of dsRNA synthesized during VV
infection due to loss of fidelity of viral transcription (Bay-
liss and Condit, 1993). Based on these observations, we
first analyzed induction of apoptosis in BSC-40 cells in-
fected with A18R mutant Cts22 (Pacha and Condit, 1985).
As shown in Fig. 4A, fragmentation of DNA could not be
observed in cells infected at the permissive temperature
(317), but pronounced degradation was obtained 14 hr
after infection at the nonpermissive temperature (39.57).
This effect occurs concomitantly with characteristic rRNA
breakdown, indicative of RNase L activation (Fig. 4B).
Quantitation of internucleosomal DNA fragmentation by
ELISA test shows more than fourfold increase in ab-FIG. 2. Expression of 2-5A-synthetase together with RNase L in-
sorbance obtained 14 hr after infection with mutant viruscreases apoptosis of infected cells. Monolayers of BSC-40 cells were
infected with the indicated combinations of viruses vT7, VV-RL, VV- ts22 at the restrictive temperature compared to permis-
DN, and VV-2-5AS (m.o.i. 2 each virus) for 48 hr. Total multiplicity was sive conditions (Fig. 4C).
maintained at 6 at all times using VV-LUC when required. (A) Analysis Induction of apoptosis was similarly found in BSC-40
of internucleosomal DNA fragmentation. Low-molecular weight DNA (3
cells infected with wild-type VV in the presence of IBT.1 106 cell equivalents per lane) was electrophoresed and stained as
Severe DNA fragmentation was observed in cells in-described. (B) Analysis of RNA degradation. Total RNA (8 1 105 cell
equivalents per lane) was fractionated and stained as before. (C) Ex- fected for 24 hr in the presence of the drug (Fig. 5A, lane
pression of 2-5A-synthetase. Cell extracts (50 mg) were fractionated 4), but not in mock-infected cells or cells infected in the
in SDS–10% polyacrylamide gels, transferred to nitrocellulose, and absence of IBT (Fig. 5A). Under these conditions a corre-
immunoblotted using rabbit polyclonal sera specific for 2-5A-synthe-
lation of internucleosomal degradation with cleavage oftase.
rRNA was observed (Fig. 5B). We have shown previously
that the pattern of rRNA fragments produced by infection
Fragmentation of DNA was specific of vector-encoded with IBT is similar to the one obtained by inducible ex-
RNase L expression, since the values were similar in pression of RNase L (Dı´az-Guerra et al., 1997). A time-
cells infected with vT7 / VV-DN as in cells infected with course experiment of induction of apoptosis by IBT treat-
vT7 (Fig. 3B). It is well established that DNA fragmenta- ment using an ELISA test is shown in Fig. 5C. Apoptosis
tion is not a universal feature of apoptosis (Jacobson et is detected starting 6 hr after infection and by 14 hr
al., 1994; Schulze-Osthoff et al., 1994) explaining results there is a 7-fold increase in absorbance, compared to
by ELISA in Fig. 3B and our difficulty to detect DNA ladder infections with wild-type without IBT. At 24 hr, there is
formation in this particular cell line (data not shown). an approximately 30-fold increase in absorbance. The
The experiments in Fig. 3 demonstrate that apoptosis experiments presented in Fig. 4 and these results dem-
induced by RNase L is not due to activation of endoge- onstrate that activation of endogenous RNase L under
nous PKR and provide further support to a role of RNAse conditions known to increase dsRNA levels causes
L on apoptosis. apoptosis of infected cells. In order to exclude activation
of endogenous PKR by dsRNA as the inducer of
Activation of endogenous RNase L triggers apoptosis
apoptosis, we performed similar experiments in mouse
fibroblasts derived from homozygous PKR knockout miceHaving characterized the effect of inducible RNase L
enzyme on apoptosis, next we wanted to analyze if acti- (Pkr0/0) (Yang et al., 1995). Cells were mock-infected or
infected with wild-type virus for 24 hr in the absence orvation of endogenous RNase L could also trigger
apoptosis of infected cells. To this aim, we used two presence of IBT and the extent of internucleosomal DNA
fragmentation was determined by ELISA test (Fig. 5D).different situations where activation of the 2-5A-pathway
is well documented. VV temperature-sensitive (ts) mu- We observe about a 4-fold increase in absorbance in
cells infected in the presence of drug compared to cellstants in gene A18R exhibit an abortive late phenotype
characterized by the simultaneous cessation of protein infected without IBT. Likewise, Hoeschst staining of cells
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FIG. 3. Induction of apoptosis by RNase L is not due to activation of endogenous PKR. (A) 3T3-like cells derived from homozygous PKR
knockout mice (Pkr0/0) or wild-type animals (Pkr///) were grown on coverslips. The cells were either mock-infected (upper panels) or double-
infected with vT7 / V V-DN (middle panels) or vT7 / V V-RL (lower panels) (m.o.i. 2 each virus) for 24 hr, fixed, permeabilized, stained with
Hoechst 33258, and photographed. (B) Extent of apoptosis by ELISA test. Mean values of absorbance determined at 405 nm with standard
deviations are given.
infected in the presence of the drug showed altered and Bcl-2 expression prevents apoptosis induced by
RNase Lhighly condensed nuclei characteristic of cells undergo-
ing apoptosis (data not shown). We conclude that, as
Because most of the reported cases of induction ofseen before for recombinant-produced RNase L, activa-
apoptosis can be prevented by overexpression of thetion of endogenous enzyme leads to apoptosis by a
mechanism that is independent of PKR activation. Bcl-2 gene (reviewed in Steller, 1995) it was of interest
FIG. 4. Induction of apoptosis by mutant virus Cts22 at the non-permissive temperature. Monolayers of BSC-40 cells were infected with VV mutant
ts22 (lanes 1, 2, 4, and 5) or wild-type virus (lanes 3 and 6) (m.o.i. 2.5 PFU/cell). Infections proceeded for the indicated times either at permissive
temperature (317) (lanes 1–3) or restrictive temperature (39.57) (lanes 4–6). (A) Analysis of internucleosomal DNA fragmentation. Low-molecular
weight DNA (3 1 106 cell equivalents per lane) was electrophoresed and stained as described. (B) Analysis of RNA degradation. Total RNA (8 1
105 cell equivalents per lane) was fractionated and stained as before. (C) Extent of apoptosis by ELISA test. Mean values of absorbance determined
at 405 nm are given.
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FIG. 5. Induction of apoptosis by IBT treatment in cells infected with wild-type virus. (A) Analysis of internucleosomal DNA fragmentation.
Monolayers of BSC-40 cells were mock-infected (lanes 1 and 2) or infected using wild-type virus (lanes 3 and 4) (m.o.i. 4 PFU/cell). Infections
proceeded for 24 hr either in the absence (lanes 1 and 3) or in the presence of IBT (lanes 2 and 4). Low-molecular weight DNA (3 1 106 cell
equivalents per lane) was electrophoresed and stained as before. (B) Analysis of RNA degradation. Total RNA (8 1 105 cell equivalents per lane)
was isolated from cells infected and treated as before. (C) Time-course of apoptosis. ELISA test was performed in cells infected with wild-type
virus for the indicated times and treated with IBT or left untreated as indicated. (D) Extent of apoptosis in cells lacking PKR. Monolayers of 3T3-
like cells derived from Pkr0/0 mice were infected with wild-type virus in the presence of IBT as before. Cell extracts were prepared 24 hr after
infection and extent of apoptosis was determined by ELISA test as described. Mean values of absorbance determined at 405 nm with standard
deviations are given.
to know if this was also the case in apoptosis induced DISCUSSION
by RNase L. Thus, we used the neuroblastoma cell line
The results presented in this investigation show forN2A and a derived stable cell line expressing human
the first time that enzymes in the 2-5A pathway of IFN-Bcl-2 (N2A(bcl2-6)) (Behrens et al., 1995). Cell cultures
response trigger apoptosis of mammalian cells, withwere mock-infected or infected with wild-type virus either
RNase L being the most potent activator. Analogous pro-in the presence or absence of IBT. As seen before for
cesses might be occurring in transgenic plants as inBSC-40 cells, infection of N2A cells with wild-type virus
higher vertebrates, since it has been recently shown thatin the presence of IBT causes severe DNA fragmentation
production of human RNase L and 2-5A-synthetase inthat was not observed in the absence of IBT or in mock-
double transgenic plants leads to virus-induced host cellinfected cells (Fig. 6). Apoptosis induced by IBT treatment
death (Owaga et al., 1996), although in this case theof wild-type infected cells was completely prevented in
mechanism responsible was not established. How isN2A(bcl2-6) cells. (Fig. 6). Therefore, activation of RNase
apoptosis triggered by RNase L in mammalian cells?L triggers apoptosis by a mechanism that can be blocked
by Bcl-2 protein. The simplest interpretation is through inhibition of protein
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synthesis, as a consequence of general RNA breakdown.
Although synthesis of macromolecules is required for
induction of apoptosis in some cell types, it has been
reported that in other cases RNA and protein synthesis
inhibitors do not protect against apoptosis induced by
other signals and actually induce apoptosis themselves
(reviewed in Schwartzman and Cidlowski, 1993). Consid-
ering the results presented in this investigation and else-
where (Dı´az-Guerra et al., 1997), we suggest a model for
apoptosis triggered by IFN-induced enzymes. IFN, an
antiviral and anticellular cytokine produced by mamma-
lian cells in response to viral infection and other stimuli,
might be an inducer of apoptosis throughout transcrip-
tional activation of PKR, 2-5A-synthetase and RNase L
genes (Fig. 7). Activation of those enzymes by dsRNA,
a frequent byproduct of virus infection, would lead to
inhibition of protein synthesis by two independent mech-
anisms with the result of induction of apoptotic death of
the infected cell. We favor the idea that the PKR and 2-
5A pathways converge at some point after inhibition of
protein synthesis because Bcl-2 can prevent apoptosis
induced by PKR activation (Lee et al., 1997) and also by
RNase L activation (Fig. 6). In support of this model is
the fact that VV E3L gene which encodes a dsRNA bind-
ing protein (Chang et al., 1992) has been described as
FIG. 7. Induction of apoptosis by IFN-induced proteins as a possibleneccesary for both VV IFN-resistant phenotype (Chang
mechanism mediating anticellular actions of IFN. Schematic diagramet al., 1992; Beattie et al., 1995) and inhibition of
illustrating the IFN-induced 2-5A synthetase/RNase L and PKR path-
apoptosis (Lee and Esteban, 1994). However, in the vi- ways activated upon infection of cells with VV recombinants expressing
rus–cell systems described here viral interference genes the corresponding IFN-induced genes and each pathway leading to
inhibition of protein synthesis and death of the infected cell bylike E3L and SPI-2 which are early proteins (Watson et
apoptosis.al., 1991; Kettle et al., 1995) were not able to overcome
the effect of RNase L activation.
Some IFN effects in noninfected cells are mediated by
tems, always closely linked to internucleosomal DNApromotion of cell death (Liu and Janeway, 1990; Gra-
fragmentation (Houge et al., 1995). It has been suggestedwunder et al., 1993; Deiss et al., 1995) and several reports
that concerted polynucleotide cleavage is a general fea-suggest that RNase L might be also involved in this pro-
ture of the apoptotic process, directed to protect neigh-cess. Highly specific and nonrandom cleavage of 28S
boring cells from illegitimate polynucleotides otherwiserRNA has been demonstrated in several apoptotic sys-
released from the dying cell, and RNase L was consid-
ered as one of the nucleases involved in RNA fragmenta-
tion (Houge et al., 1995). A protein with molecular archi-
tecture similar to RNase L has been identified as re-
quired for induction of apoptosis by IFN-g in HeLa cells
(Deiss et al., 1995). This protein (DAP kinase) also has
a complete protein kinase domain together with a string
of several ankyrin-like repeats (Hassel et al., 1993).
Therefore, we suggest that RNase L could be also medi-
ating, at least partially, antitumor effects of IFN by pro-
moting death of noninfected cells, which might help to
explain the role of this enzyme as a tumor suppressor
protein (Lengyel, 1993). Previously, the IFN-induced PKRFIG. 6. Induction of apoptosis by RNase L activation is prevented by
Bcl-2 expression. Cultures of N2A or N2A(bcl2–6) cells were either has also been suggested to act as a tumor suppressor
mock-infected (lanes 1, 2, 5, and 6) or infected using wild type virus (Proud, 1995) possibly by induction of apoptosis (Lee
(lanes 3, 4, 7, and 8) (m.o.i. 4 PFU/cell). Infections proceeded for 24 hr
and Esteban, 1994). However, it is presently unclear howeither in the absence or in the presence of IBT as indicated. Low-
RNase L might be activated in uninfected cells and howmolecular weight DNA (3 1 106 cell equivalents per lane) was electro-
phoresed and stained as before. it is modulated. In view of the findings reported here and
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